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Effect of Perforated Plate Open Area on Gas Holdup in Rayon Fiber
Suspensions
Abstract
Three different aeration plates are used to study their effect on gas holdup and flow regime transition in fiber
suspensions. The aeration plates differ by their open-area ratios (A=0.57%, 0.99%, and 2.14%), where the hole
diameter remains the same while the number of holes increase. Experiments are performed using three
different Rayon fiber lengths (L=3, 6, and 12mm) over a range of superficial gas velocities (Ug⩽18cm/s) and
fiber mass fractions (0⩽C⩽1.8%) in a 15.24cm dia semi-batch bubble column. Experimental results show
that the aeration plate with A=0.99% produces the highest gas holdup in an air-water system and low fiber
mass fraction suspensions, and the plate with A=2.14% yields the lowest gas holdup in these systems. In
medium fiber mass fraction suspensions, the plate with A=0.57% produces slightly higher gas holdup values,
while the other two plates yield similar results. The effect of the aeration plate open area on gas holdup
diminishes at high fiber mass fractions (C⩾1.2%). All aeration plates generate homogeneous, transitional,
and heterogeneous flow regimes over the range of superficial gas velocities for air-water and low fiber mass
fraction suspensions. However, the aeration plate with A=2.14% enhances the flow regime transition, i.e., the
superficial gas velocity at which transitional flow appears is lower. Additionally, the fiber mass fraction at
which pure heterogeneous flow is observed is lower when A=2.14%.
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Effect of Perforated Plate Open
Area on Gas Holdup in Rayon
Fiber Suspensions
Three different aeration plates are used to study their effect on gas holdup and flow
regime transition in fiber suspensions. The aeration plates differ by their open-area ratios
(A=0.57%, 0.99%, and 2.14%), where the hole diameter remains the same while the
number of holes increase. Experiments are performed using three different Rayon fiber
lengths (L=3, 6, and 12 mm) over a range of superficial gas velocities Ug18 cm /s
and fiber mass fractions 0C1.8%  in a 15.24 cm dia semi-batch bubble column.
Experimental results show that the aeration plate with A=0.99% produces the highest
gas holdup in an air-water system and low fiber mass fraction suspensions, and the plate
with A=2.14% yields the lowest gas holdup in these systems. In medium fiber mass
fraction suspensions, the plate with A=0.57% produces slightly higher gas holdup val-
ues, while the other two plates yield similar results. The effect of the aeration plate open
area on gas holdup diminishes at high fiber mass fractions C1.2% . All aeration
plates generate homogeneous, transitional, and heterogeneous flow regimes over the
range of superficial gas velocities for air-water and low fiber mass fraction suspensions.
However, the aeration plate with A=2.14% enhances the flow regime transition, i.e., the
superficial gas velocity at which transitional flow appears is lower. Additionally, the fiber
mass fraction at which pure heterogeneous flow is observed is lower when
A=2.14%. DOI: 10.1115/1.1994878
Keywords: Aeration, Bubble Column, Drift Flux, Gas Holdup, Fiber Suspension, Flow
Regime
Introduction
Bubble columns are commonly used to affect gas-liquid GL
or gas-liquid-solid GLS heat and/or mass transfer operations.
Considerable attention has been paid to the study of liquid slurry
properties, the gas distributor, and bubble column dimensions on
bubble column gas holdup, also termed the volumetric gas frac-
tion or void fraction. Selected studies on the liquid slurry prop-
erty effects include surface tension 1,2, viscosity 3–6, and
solid type and loading 7–11.
Gas-liquid-fiber GLF systems, where flexible fibers comprise
the solid phase, have grown in interest because of their applica-
tions in the pulp and paper industry, including paper recycling
i.e., flotation deinking, fiber bleaching, direct-contact steam
heating, and deaeration. Several gas-liquid-fiber studies have been
devoted to gas holdup 12–17, flow regimes 14,18,19, and
bubble size distribution 20.
The gas distributor is a key factor that ensures an even inlet gas
distribution, which provides the highest gas holdup and, thus, the
largest possible interfacial area for heat and mass transfer. Hence,
the geometric properties of the distributor plate are very important
to bubble column performance. Open-area ratio, defined as the
ratio of the total plate hole area to column cross-sectional area, is
related to the size and number of aeration holes in a perforated
plate distributor and is one parameter that may have a significant
effect on gas holdup.
Contradictive phenomena of the effect of open area are ob-
served in the literature. Zahradnik et al. 3, Ohki and Inoue 21,
Tsuchiya and Nakanishi 22, and Zahradnik and Kastanek 23
found that gas holdup increases with increasing plate open area
i.e., by increasing the number of holes. This was attributed to the
lower bubble velocity at the gas inlet hole with increasing open
area, resulting in a lower liquid circulation, which had a favorable
effect on the stability of the homogeneous flow regime. On the
contrary, Shnip et al. 24 numerically showed that the critical gas
holdup decreased with increasing open area, implying a similar
relationship with overall gas holdup.
Assuming holes are uniformly distributed over the entire aera-
tion plate and the hole diameters remain the same, a change in
open area leads to a change in hole spacing, which has an impact
on bubble-bubble interaction and the resulting gas holdup. Ka-
wasaki and Tanaka 25 investigated the effect of hole pitch with
a constant number of holes on gas holdup and observed that gas
holdup decreased with decreasing hole pitch. This was attributed
to the fact that when the hole pitch was small, bubbles tended to
coalesce together as soon as they left the hole, resulting in larger
bubble sizes and a lower gas holdup. Bubble formation at closely
spaced holes was studied by Solanki et al. 26. They pointed out
that close spacing enhanced bubble coalescence at the gas inlet.
Hole spacing plays an important role at the inlet and directly
influences the interfacial area and transport rate in bubble column
reactors 23. Zahradnik and Kastanek 27 found that a uniform
gas distribution led to higher gas holdup compared to a nonuni-
form gas distribution.
Hole spacing influences the inlet gas distribution through af-
fecting bubble formation at the hole. Ruzicka et al. 28 found that
there were two bubble formation modes when bubbles were
formed from two holes: i synchronous, where bubbles are
formed simultaneously through each hole, producing a uniform
gas holdup profile in the bottom of the column; and ii asynchro-
nous, where the active holes work either out of phase bubbles are
in different stages of formation at the same time or alternate only
one of the two holes is active at one time. Ruzicka et al. 29
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found that these two modes were also observed for multihole bub-
bling, and they demonstrated that hole spacing played a key role
in the modes of bubble formation. Bubble formation modes were
also influenced by the gas flow rate. Ruzicka et al. 28 showed
that there was a critical gas flow rate beyond which the synchro-
nous regime lost its stability and promoted the transition from
homogeneous flow to heterogeneous flow. This critical gas flow
rate was a function of hole spacing and decreased with decreasing
hole spacing.
Additionally, open area combined with gas flow rate is a deci-
sive factor that ensures the stable performance of the gas distribu-
tor, leading to a uniform gas distribution. Haug 30 investigated
the stability of perforated plates and claimed that in order to get an
even gas distribution, the plate pressure drop must be above some
critical value the pressure drop is related to the gas flow rate and
the plate open area. There was a limiting gas flow rate below
which the gas distribution was nonuniform and liquid weeping
occurred. This caused the gas distribution to change from even to
uneven as the plate open area increased.
The effect of aeration plate open area on gas holdup in gas-
liquid systems has been studied extensively, but little information
is available for gas-liquid-solid systems. This study addresses the
effect of aeration plate open-area ratio A=0.57%, 0.99%, and
2.14% on gas holdup in gas-liquid-fiber systems.
Experimental Procedures
The bubble column experimental facility used in this study is
schematically represented in Fig. 1. The bubble column consists
of four 1 m sections of 15.24 cm ID cast acrylic, yielding a total
column height of 4 m. Gas is injected at the base of the column
through one of three stainless-steel perforated plates with open
areas A=0.57%, 0.99%, and 2.14% Fig. 2. For each plate, 1 mm
dia holes are uniformly distributed over the entire plate; this is
accomplished using a MATLAB program that equated the radial
hole pitch with the azimuthal hole pitch. Additional design criteria
included open areas as close as possible to 0.5%, 1%, and 2%, and
aeration holes spanning the column diameter. Hence, the change
in open area is produced by changing the number of uniformly
distributed holes. A gas plenum is located below the perforated
plate and is filled with glass beads to promote uniform gas distri-
bution into the test facility. Three mass flow meters are used to
measure the gas flow rate to encompass a low, medium, and high
gas flow rate range. Three pressure transducers are installed along
the column, one located at the column base, one at H=1 m, and
one at H=2 m, where H is the column height from the perforated
plate. The mass flow meters and pressure transducers are inter-
faced to a data acquisition system. Average gas flow rate and
pressures are recorded from 4000 individual readings sampled at a
frequency of 200 Hz.
The GLF system is composed of air, water, and Rayon fiber.
Three nominal Rayon fiber lengths are studied in this paper L
=3, 6, and 12 mm, and the fiber diameter is 20.6 m. Various
fiber mass fractions 0C1.8%  and superficial gas velocities
Ug18 cm/s are investigated. The superficial liquid velocity in
this study is held constant at zero.
The gas holdup  is measured in the upper column section
1H2 m. The gas holdup is determined from the column
pressure drop. In a semi-batch system, the frictional pressure drop
is negligible, so the total pressure drop corresponds to the hydro-
static head; in this case,
 = 1 −
P
Po
1
where P is the difference between the average local pressure at
any two pressure transducers with Ug0, and Po is the corre-
sponding average value with Ug=0. For the GL system, Po
equals the liquid hydrostatic head; for the GLF systems, Po cor-
responds to the fiber slurry hydrostatic head.
Experiments are performed at specified fiber mass fractions
C, where the actual fiber mass added to the system is determined
from
Mf = CMt 2
The total mass of the fiber-water mixture Mt is determined from
Mt=effV, where eff is the effective slurry density determined
from
1
eff
=
C
 f
+
1 − C
w
3
and the moisture-free Rayon fiber density is  f =1500 kg/m3 and
V is the total volume of the fiber-water mixture.
Before an experiment is initiated, the dry fiber mass calculated
from Eq. 2 is soaked in tap water for 2–3 days during which it
is washed 2–3 times to remove any residual contaminants and
additives absorbed on the fiber surface. The soaked fiber is then
added to a small container of water and mixed at low speed using
an electronic mixer equipped with a propeller blade. The resulting
mixture is then added to the bubble column, which is partially
filled with water. Additional water is added to fill the column to a
height of 2.13 m 14 column diameters. All experiments are ini-
tiated with this slurry volume. The column is then operated at a
high gas flow rate for 35 min to ensure the slurry is well mixed
throughout the column. The gas flow rate is then reduced to the
lowest value of interest to begin data collection and then incre-
mented sequentially for additional data points. Note that data are
collected 15 min after each gas flow-rate adjustment. The gas
used in all experiments is filtered compressed air.
Fig. 1 Schematic of experimental bubble column
Fig. 2 Gas distributor plates: „a… A=0.57%, „b… A=0.99%, and
„c… A=2.14%
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Although fiber settling did occur with no air injection, the mix-
ing caused by air injection is generally sufficient to maintain a
well-mixed system when C0.4%. At higher fiber mass fractions,
some bulk fiber settling is observed, but only at the lowest super-
ficial gas velocities, and once the air injection produces sufficient
mixing, the fiber slurry is uniformly dispersed throughout the
bubble column.
The uncertainty in the superficial gas velocity measurements is
estimated to be ±2–4%, and the absolute uncertainty in gas
holdup is estimated to be = ±0.006–0.008.
Results and Discussion
Air-Water. The effect of the aeration plate open area on gas
holdup in an air-water system is shown in Fig. 3 open symbols.
At low and high gas flow rates, where the corresponding flow
regime is homogeneous and heterogeneous, respectively, the open
area has a negligible effect on gas holdup. This phenomenon
agrees with the observations of Zahradnik et al. 3 and Zahradnik
and Kastanek 23 who observed that gas holdup began to deviate
among different open-area ratio plates after a maximum value was
recorded and then converged in the heterogeneous flow regime. In
the heterogeneous flow regime, gas holdup is determined prima-
rily by bulk liquid circulation and hardly affected by bubble for-
mation modes 3, leading to little gas holdup difference among
the three plates in this regime. At medium gas flow rates, where
the gas flow is in the transitional regime, gas holdup behavior
deviates among the three plates. Gas holdup increases with in-
creasing open-area ratio from A=0.57–0.99 %; this agrees well
with the results of Zahradnik et al. 3, Ohki and Inoue 21,
Tsuchiya and Nakanishi 22, and Zahradnik and Kastanek 23 in
which A has a favorable effect on gas holdup. Note, however, that
all of these studies were based on A1%. When A is further
increased to 2.14%, the gas holdup decreases dramatically. In the
transitional flow regime for both A=0.57% and 0.99%, gas holdup
increases with increasing superficial gas velocity until a maximum
gas holdup is reached, and then gas holdup decreases with in-
creasing superficial gas velocity to a minimum value which indi-
cates the end of the transitional flow regime. For A=2.14%, no
maximum gas holdup is observed, and the gas holdup continu-
ously increases with superficial gas velocity.
Combining the observations in this study and Zahradnik et al.
3, Ohki and Inoue 21, Tsuchiya and Nakanishi 22, and Zahr-
adnik and Kastanek 23, we can conclude that the favorable ef-
fect of plate open area on gas holdup is valid only within a certain
range A1% ; when open area is beyond this range, gas holdup
decreases. The following will provide possible explanations of the
latter phenomenon.
For a given superficial gas velocity, the gas velocity through the
aeration holes is reduced with increasing open area when the num-
ber of holes is increased with a constant hole diameter, leading to
smaller bubble sizes 31, lower bubble rise velocities, a lower
degree of liquid circulation, and more bubbles, all which result in
a higher gas holdup and a delay in the flow regime transition. This
causes gas holdup to be higher when A=0.99% than when A
=0.57%. However, further increasing open area beyond a critical
value by increasing the number of holes with a constant hole
diameter enhances bubble coalescence near the aeration plate be-
cause of a reduced hole spacing; this leads to a reduction in gas
holdup. Solanki et al. 26 proposed that coalescence of adjacent
bubbles formed at closely spaced holes may occur and depends on
three time factors: i time of bubble formation tf, ii time re-
quired for a bubble to grow to a diameter equal to the hole sepa-
ration distance to begin bubble-bubble interaction ti, and iii time
to drain the liquid film between bubbles to a critical thickness for
rupture ts. For tf ti+ ts, coalescence occurs. Smaller hole spacing
leads to a smaller bubble size required for the occurrence of in-
teraction with adjacent bubbles. Thus, provided the bubble growth
rate is constant, smaller hole spacing results in smaller ti and ti
+ ts, which leads to a higher probability of bubble coalescence
compared to a larger hole spacing. Enhanced bubble-bubble inter-
action with decreasing hole spacing was observed by Xie and Tan
32. Additionally, when formed through holes, bubble diameter
increases with increasing gas flow rate 33; hence, the probability
of bubble-bubble interaction increases with increasing gas flow
rate. Therefore, when the superficial gas velocity is increased, the
likelihood of bubble coalescence is higher for A=2.14% than for
A=0.57% and 0.99%. As a result, the gas holdup for A=2.14% is
lower than that of A=0.57% and 0.99%. This is not observed
when A=0.99% because the holes are not close enough to encour-
age bubble-bubble interaction.
A lower gas holdup for A=2.14% when compared to A
=0.57% and 0.99% may also be ascribed to the fact that for A
=2.14%, the open area is too large to produce a stable gas inlet for
the range of superficial gas velocities addressed in this study.
Zahradnik and Kastanek 23 and Haug 30 determined that when
the plate pressure drop is less than a critical value, bubble forma-
tion is influenced by pressure fluctuations in the gas-liquid layer
i.e., bubbling bed, and the plate works in unstable operation.
Unstable distributor operation leads to partial aeration, a nonuni-
form gas distribution, large-scale liquid circulation, and an un-
stable flow pattern 30. The critical gas flow rate at which the
plate works in stable operation is estimated by the Weber number
We. As suggested by Zahradnik and Kastanek 23, stable plate
operation occurs when
We =
vo
2dog
	
 2 4
where vo is the aeration hole gas velocity, do is the aeration hole
diameter, g is the gas density, and 	 is the surface tension. To
achieve the critical Weber number, a higher gas flow rate is re-
quired for a larger open area. If We=2, do=1 mm, g
=1.57 kg/m3, and 	=72.7 mN m−1, the critical vo is 9.62 m/s.
Thus, the corresponding superficial gas velocities in our system
are 5.4, 9.4, and 20.6 cm/s for A=0.57%, 0.99%, and 2.14%,
respectively. It is clear that the plate with A=2.14% will not op-
erate in stable operation for the entire superficial gas velocity
range of this study, which may contribute to the lower gas holdup.
The gas holdup of A=0.99% is greater than that of A=0.57% after
Ug=9.5 cm/s, verifying the importance of stable plate operation.
Hole spacing also changes with open area, and this affects the
bubble formation mode, thus influencing the inlet gas distribution
and the resulting gas holdup and flow regime transition. In addi-
tion to bubble jetting, Ruzicka et al. 29 and Xie and Tan 32
identified two basic bubble formation modes for multihole aera-
tion plates, synchronous and asynchronous. The synchronous
mode produces a uniform gas holdup profile and low liquid cir-
Fig. 3 Gas holdup and flow regime transition using different
aeration plates in an air-water system
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culation. This is favorable for the homogeneous flow regime in
bubble column operation. In the asynchronous mode, bubble for-
mation at adjacent holes is either out of phase, or they form at
alternating holes. Some active holes tend to produce liquid circu-
lation that makes the other holes passive, resulting in a nonuni-
form inlet gas distribution. This further enhances liquid circulation
and leads to flow regime transition. They also observed that hole
spacing plays an important role in the bubble formation modes.
When the hole spacing is large, the synchronous mode occurs at
gas flow rates below a critical value. When hole spacing is small,
the close proximity prevents the gas flow through adjacent holes
from being in phase and no synchronous mode is observed. The
critical gas flow rate at which the transition from the synchronous
to asynchronous mode occurs decreases with decreasing hole
spacing i.e., increasing open area 28. Therefore, the critical gas
flow rate for A=2.14% is lower than that of A=0.57% and 0.99%.
It is possible that at the same superficial gas velocity, the tendency
of the synchronous regime for A=0.57% and 0.99% is higher than
that of A=2.14%. This would produce a more uniform gas distri-
bution for A=0.57% and 0.99% than 2.14%. Zahradnik and Kas-
tanek 27 demonstrated that a nonuniform gas distribution will
induce liquid circulation and an unstable flow pattern; this results
in enhanced bubble-bubble interaction and bubble coalescence,
leading to a reduced gas holdup when compared to a uniform gas
distribution at the same gas flow rate. From Fig. 3 it is plausible
that the aeration plates with A=0.57% and 0.99% produce a more
uniform inlet gas distribution than that from A=2.14%.
Figure 3 also shows the flow regime transitions for A=0.57%,
0.99%, and 2.14% by applying the Zuber-Findlay drift flux model
34 solid symbols, a detailed explanation is provided by others
3,16,35. In this model, Ug / represents the mean bubble rise
velocity. All three plates produce homogeneous, transitional, and
heterogeneous flow regimes. For the homogeneous flow regime,
Ug / slightly decreases with increasing Ug and reaches a mini-
mum value denoted as the critical superficial gas velocity at which
transitional flow appears. Similar observations were obtained by
Tsuchiya and Nakanishi 22. The negative slope of the plot of
Ug / versus Ug in the homogeneous regime for all aeration plates
may be the result of downward liquid flow between bubbles, com-
pensating for the amount of liquid carried by the bubble wake to
ensure conservation of mass 36. This downward liquid flow has
a hindrance effect on the bubble rise velocity leading to a bubble
rise velocity less than the terminal rise velocity. This reduction in
bubble rise velocity increases with increasing gas holdup i.e.,
increasing superficial gas velocity 24,37.
When the superficial gas velocity is further increased, bubble-
bubble interaction is enhanced, and bubble coalescence occurs,
which indicates the flow regime transition. In the transitional flow
regime, gross liquid circulation, increasing with increasing super-
ficial gas velocity, changes the slope of Ug / versus Ug to in-
crease with increasing Ug.
The transitional superficial gas velocity, identified by the down
arrows in Fig. 3, is similar when A=0.57% and 0.99%. This is
because the two plates produce similar gas holdup results until a
maximum gas holdup is reached for A=0.57%. This observation
indicates that increasing the open-area ratio may increase the
maximum gas holdup, but it may not delay the flow regime tran-
sition. The transitional superficial gas velocity is 3.4 cm/s for
A=2.14%, which is less than 5.7 cm/s for A=0.57% and
0.99%. The lower superficial gas velocity at which transition oc-
curs when A=2.14% may be attributed to two affects. First,
bubble coalescence is enhanced with closer hole spacing large
open area, and this induces liquid circulation and triggers flow
regime transition. Second, a large open area close hole spacing
results in a partially activated aeration plate 29, leading to a
nonuniform gas distribution and liquid circulation, promoting flow
regime transition.
Fiber Suspensions.
Effect of Fiber Mass Fraction. Typical trends of the effect of
fiber mass fraction on gas holdup using three different gas aera-
tion plates A=0.57%, 0.99%, and 2.14% are shown in Fig. 4 for
L=3 mm long Rayon fiber. For all three aeration plates, gas
holdup decreases with increasing fiber mass fraction. This phe-
nomenon is attributed to the promotion of bubble coalescence
and/or reduction of bubble breakup due to the increase in the
effective suspension viscosity with increasing fiber mass fraction,
and the increasing large bubble sizes due to the increasing yield
stress of the fiber suspension; this has been explained by Su and
Heindel 16. The reduction in gas holdup with increasing fiber
Fig. 4 Effect of fiber mass fraction on gas holdup with differ-
ent aeration plates for L=3 mm Rayon fiber suspensions: „a…
A=0.57%, „b… A=0.99%, and „c… A=2.14%
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mass fraction is more pronounced at low fiber mass fractions.
When fiber mass fraction is high C1.4% , fiber addition does
not significantly affect gas holdup. The trends of gas holdup varia-
tion with fiber mass fraction of A=0.57% and 0.99% are similar.
At low fiber mass fractions C0.4%, Figs. 4a and 4b, gas
holdup behavior is similar to that of an air-water system: there is
a maximum gas holdup, indicating homogeneous, transitional, and
heterogeneous flow regimes exist over the range of superficial gas
velocities. The effect of fiber mass fraction is more significant in
the transitional flow regime, while little influence is observed in
the homogeneous flow regime. At C0.4%, gas holdup continu-
ously increases with increasing superficial gas velocity and pure
heterogeneous flow 38 is observed.
For A=2.14% Fig. 4c, gas holdup increases with increasing
superficial gas velocity monotonically for all fiber mass fractions.
At low fiber mass fractions C0.25% , the homogeneous flow
regime exists at low superficial gas velocities, and when C
0.25%, pure heterogeneous flow appears over the range of su-
perficial gas velocities. Similar to A=0.57% and 0.99%, gas
holdup is not influenced by fiber mass fraction in the homoge-
neous flow regime, whereas the transitional flow regime is af-
fected by fiber addition. Similar trends are obtained for Rayon
fiber with L=6 and 12 mm for all three aeration plates.
Effect of Aeration Plate Open Area. Figure 5 depicts the effect
of aeration plate open area on gas holdup in L=3 mm long Rayon
fiber suspensions. At low superficial gas velocities Ug
3 cm/s, the open-area ratio has a negligible effect on gas
holdup. This phenomenon is similar to that of the air-water sys-
tem. When Ug3 cm/s, the effect of aeration plate open area
ratio on gas holdup is pronounced. At low fiber mass fractions
e.g., C=0.1%, where homogeneous, transitional, and heteroge-
neous flow regimes exist, the aeration plate open area has a sig-
nificant effect on gas holdup behavior in the transitional gas flow
regime; a higher gas holdup is observed when A=0.57% and
0.99% than that recorded with A=2.14%. This was also observed
in the air-water system i.e., Fig. 3. In the heterogeneous flow
regime, open area influences gas holdup in fiber suspensions,
which was not observed in the air-water system see Fig. 3. This
may be because, for the air-water system, there is a significant
amount of liquid turbulence at high superficial gas velocities,
leading to a negligible effect of the aeration plate on bubble be-
havior. In contrast, fiber addition results in a decrease in turbu-
lence intensity because the effective suspension viscosity in-
creases with increasing fiber mass fraction, and the effect of
bubble formation on gas holdup becomes important. The reasons
that the aeration plate with A=2.14% decreases the gas holdup in
fiber suspensions compared to that of A=0.57% and 0.99% is
ascribed to the same reasons as that of the air-water system.
The effect of aeration plate open area on gas holdup for A
=0.99% is influenced by fiber mass fraction. With increasing fiber
mass fraction, the performance of A=0.99% changes from similar
to A=0.57% to that similar to A=2.14%. At low fiber mass frac-
tion C=0.1% , the gas holdup when A=0.99% has similar be-
havior to that of the air-water system, i.e., it is higher than that of
A=0.57%. As the fiber mass fraction is further increased C
=0.25% , the gas holdup of A=0.99% drops faster than A
=0.57% and the two are very similar. At C=0.60%, the gas
holdup of A=0.99% is lower than that of A=0.57%, but almost
the same as that of C=2.14%. The larger decrease in gas holdup
when A=0.99% with increasing fiber mass fraction than that of
A=0.57% may be attributed to the increase in the bubble forma-
tion size with increasing fiber mass fraction; when the bubble
formation size is large enough, adjacent bubbles near the aeration
plate begin to coalesce, which is enhanced when A=0.99% be-
cause of its smaller hole spacing compared to that of A=0.57%.
This leads the performance of A=0.99% to be closer to that of
A=2.14% with increasing fiber mass fraction.
Figure 5 also demonstrates that the effect of aeration plate open
area is less significant with increasing fiber mass fraction when
the fiber mass fraction is high. The difference of gas holdup of the
three aeration plates disappears when the fiber mass fraction is
C1.2%. Similar trends are observed for L=6 and 12 mm Rayon
fiber. Consequently, the aeration plate open area has an effect on
gas holdup in low fiber mass fraction suspensions, which depend
on the gas flow regime. However, in high fiber mass fraction
suspensions, the aeration plate open area has a negligible effect on
gas holdup.
Fig. 5 Effect of aeration plate open area on gas holdup at vari-
ous fiber mass fractions „L=3 mm…: „a… C=0.1%, „b… C=0.25%,
„c… C=0.6%, and „d… C=1.2%
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It can be concluded that increasing aeration plate open area may
enhance or reduce gas holdup in air-water and air-water-fiber sys-
tems, and the results are influenced by bubble formation size, hole
diameter and spacing, superficial gas velocity, and fiber mass frac-
tion. Increasing aeration plate open area tends to increase gas
holdup when the hole spacing is large enough that a bubble
formed at the inlet hole has no interaction with adjacent bubbles.
Otherwise, increasing the open area tends to reduce gas holdup
when bubble formation size is increased by either increasing hole
diameter 39, superficial gas velocity, or fiber mass fraction.
Effect of Fiber Length. The effect of fiber length on gas holdup
behavior for the three open area ratios are shown in Fig. 6. The
trends of A=0.57% and 0.99% are similar, and for low and me-
dium fiber mass fractions, gas holdup decreases significantly
when the fiber length is increased from L=3 mm to L=6 mm, but
a negligible change is observed when the fiber length is further
increased to L=12 mm. In contrast, there is a negligible effect of
fiber length on gas holdup when A=2.14% at low fiber mass frac-
tions e.g., C=0.1%. At medium fiber mass fractions e.g., C
=0.8%, a decrease is observed between L=3 mm and L=6 mm,
which is similar to that of A=0.57% and 0.99%.
In general, increasing fiber length tends to reduce gas holdup in
fiber suspensions. However, for long fiber e.g., L=6 and 12 mm,
the effect of fiber length on gas holdup is not significant. This
phenomenon is analogous to that of a viscous liquid. When liquid
viscosity is high, a further increase in viscosity has little effect on
gas holdup 10. This may be attributed to two competing effects:
i bubble rise velocity of small bubbles is reduced in highly vis-
cous liquids 40, leading to an increase in gas holdup; and ii
bubble coalescence is enhanced, reducing gas holdup. In fiber
suspensions, the longer the fiber, the larger the effective viscosity
at the same fiber mass fraction. Therefore, long fiber suspensions
tend to hinder bubble rise and enhance bubble coalescence. In
addition, the yield stress increases with fiber length 41, which
further reduces bubble rise velocity and traps more bubbles. These
factors may be the reasons that gas holdup does not reduce sig-
nificantly with increasing fiber length for long fibers.
Figure 6 also shows that at high fiber mass fractions C
=1.4% , the three aeration plates produce similar gas holdup re-
sults for all three fiber lengths. To more clearly depict the effect of
open area and fiber length at high fiber mass fractions, Fig. 7
provides all results for C=1.4%, which shows that when the fiber
Fig. 6 Effect of fiber length on gas holdup: „a… A=0.57%, „b… A=0.99%, and „c… A=2.14%
Fig. 7 Effect of fiber length and aeration plate open area on
gas holdup at C=1.4%
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mass fraction is high, gas holdup has only a weak dependence on
fiber length and aeration plate open area. It also implies that the
gas holdup in a high fiber mass fraction suspension is mainly
determined by slurry mixing.
Flow Regime Transition. Figure 8 shows the effect of fiber mass
fraction, length, and open area on the superficial gas velocity at
which transitional flow is observed for the three distributor plates.
The superficial gas velocity at which transitional flow begins is
determined by the Zuber-Findlay drift flux model 34 and shown
by the arrows in Fig. 3. Additional details in this determination
can be found in 3,16,35. In general, fiber addition tends to de-
stabilize the homogeneous flow regime, and when the fiber mass
fraction is beyond a critical value, pure heterogeneous flow is
observed over the entire range of superficial gas velocities. This
phenomenon is ascribed to the increase in effective suspension
viscosity with increasing fiber mass fraction. Zahradnik et al. 3
have shown that the flow pattern will change from that of the
existence of three flow regimes homogeneous, transitional, and
heterogeneous to pure heterogeneous flow as the liquid viscosity
increases. The fiber length has an effect on flow regime transition
where the longer the fiber, the lower the superficial gas velocity at
which transition begins. This effect is more significant when fiber
length increases from 3 to 6 mm. There is not a pronounced dif-
ference between L=6 and 12 mm in either the superficial gas
velocity or the critical fiber mass fraction at which transitional
flow begins. This is consistent with the trends shown in Fig. 6 that
the effect of fiber length on gas holdup is not significant when
fiber length is increased from 6 to 12 mm for all three aeration
plates.
It is apparent that in fiber suspensions, increasing aeration plate
open area is not favorable to the homogeneous flow stabilization.
The aeration plate with A=2.14% obviously encourages the flow
regime transition and the transitional superficial velocities for the
three fiber lengths are lower than those of A=0.57% and 0.99%.
A=0.99% produces very similar results to that of A=0.57 for all
three fiber lengths. The critical fiber mass fraction beyond which a
pure heterogeneous flow regime exists is also dependent on the
aeration plate open area and decreases with increasing open area.
When A=0.57%, pure heterogeneous flow appears when C
0.6%, and the dependence of the critical fiber mass fraction on
fiber length is negligible. For the other two plates, the critical fiber
mass fraction is affected by fiber length between L=3 and 6 mm.
A=0.99% does not affect the critical fiber mass fraction for L
=3 mm, and homogeneous flow also can be observed when C

0.6%. For L=6 and 12 mm, homogeneous flow exists when C

0.4%. When A=2.14%, the critical fiber mass fraction further
decreases. For L=3 mm, homogeneous flow is observed when C
0.25%, and for L=6 and 12 mm, this critical value reduces to
0.16%.
Conclusions
Three aeration plates with different open areas A=0.57%,
0.99%, and 2.14% and the same hole diameter do=1 mm were
used to study their effect on gas holdup and flow regime transition
in Rayon fiber suspensions. When A=0.57% and 0.99%, a pro-
nounced maximum gas holdup was recorded for the air-water and
low fiber mass fraction systems; this was not observed when A
=2.14%. For an air-water system, gas holdup did not depend on
open area in the homogeneous or heterogeneous flow regime, but
open area influenced the transitional flow regime. Gas holdup was
higher when A=0.99% than that of A=0.57%; it reduced signifi-
cantly when A=2.14% from that of A=0.57%. For fiber suspen-
sions with C1.2%, aeration plate open area had no effect on gas
holdup in the homogeneous flow regime, but differences were
observed in the transitional and heterogeneous flow regimes. Gas
holdup decreased with increasing fiber length when C1.4% for
all three aeration plates. At high fiber mass fractions, no depen-
dence of gas holdup on fiber length or aeration plate was ob-
served.
Homogeneous, transitional, and heterogeneous flow conditions
were observed at low fiber mass fractions for all three aeration
plates. However, the aeration plate with A=2.14% tended to de-
stabilize the homogeneous flow regime, and the transitional super-
ficial gas velocity decreased from that recorded when A=0.57%
and 0.99%. In addition, the critical fiber mass fraction at which
the flow pattern changed from homogeneous, transitional and het-
erogeneous flow to pure heterogeneous flow was lower when A
=2.14%.
Finally, increasing aeration plate open area is favorable to gas
holdup when A1%. The effect depends on the bubble forma-
tion, hole spacing, and liquid slurry properties.
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Nomenclature
A  open area, %
C  fiber mass fraction, %
do  hole diameter, mm
H  column height, m
L  fiber length, mm
Mf  dry fiber mass, kg
Mt  total mass of fiber-water mixture, kg
P  average pressure of the air-water-fiber suspen-
sion, Pa
Po  average pressure of the water-fiber suspension,
Pa
tf  time of bubble formation
ti  time for a bubble, growing to a diameter equal
to the hole separation distance, to begin
bubble-bubble interaction
ts  time to drain the liquid film between bubbles
to a critical thickness for rupture
Ug  superficial gas velocity, cm/s
V  volume of the fiber-water mixture, m3
vo  aeration hole gas velocity, cm/s
We  Weber number
Greek Letters
  gas holdup
eff  effective density of the fiber-water mixture,
kg/m3
g  gas density, kg/m3
Fig. 8 Effect of aeration plate open area, fiber mass fraction,
and fiber length on the superficial gas velocity at which flow
regime transition is initiated
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 f  dry fiber density, kg/m3
w  water density, kg/m3
	  surface tension, mNm−1
  difference
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